Resistance to pyrethroids in the diamondback moth (DBM), Plutella xylostella, has been shown to be conferred by nerve insensitivity. In the present study, amino acid sequences corresponding to the domain IIS4-IIS6 region of the para-sodium channel, which is known to be significant for nerve insensitive pyrethroid resistance in a variety of insects, were compared between pyrethroid-resistant (R) and non-selected (NS) strains. Thr to Ile and Leu to Phe substitutions were identified in R strain at the IIS5 and IIS6 regions, respectively. Although the resistant Ile and Phe residues were also shared by the NS strain at the same amino acid positions, frequency of the resistant amino acid residues in the population was lower than that in the R strain. Amino acid sequences corresponding to the domain IS6 region and the linker region of the domains III-IV, which were recently shown to be involved in the pyrethroid resistance in particular lepidopteran insects, were also compared between the R and NS strains. However, no amino acid substitution was observed in the R strain at either region. These results suggest that Thr to Ile and Leu to Phe substitutions in the domain IIS4-IIS6 were associated with the pyrethroid resistance in DBM.
INTRODUCTION
Resistance to insecticides is conferred by metabolic detoxification of the insecticide before it reaches its target site, changes in sensitivity of the target site or reduced cuticular penetration (Hemingway, 2000) . The para-sodium channel, a primary target of pyrethroids, is a large glycoprotein and the major engine of nerve action potentials. The major structural subunit of the channel, a-subunit, is composed of four homologous domains (I to IV), each of which contains six transmembrane segments (S1 to S6) (Noda et al., 1984) . The resistance conferred by nerve insensitivity to pyrethroids was first reported in the housefly, Musca domestica, and was termed knockdown resistance (kdr) (Busvine, 1951) . The more acute type of nerve insensitivity, termed super-kdr, was also identified in the housefly (Sawicki, 1978) . Molecular cloning analyses of the nucleotide sequences encoding the para-sodium channel from the housefly and German cockroach, Blatella germanica, showed that kdr-type resistance was a result of two amino acid substitutions at the domain II of the para-sodium channel (Miyazaki et al., 1996; Williamson et al., 1996) . They were a Leu to Phe substitution in the hydrophobic IIS6 transmembrane segment found in both kdr and superkdr strains, and a Met to Thr substitution within the intracellular linker between IIS4 and IIS5 only found in super-kdr strain. A Leu to His substitution at the homologous amino acid position to the Leu to Phe substitution was found in the pyrethroid-resistant tobacco budworm, Heliothis virescens . Later, two amino acid substitutions at the intracellular segment linking the domains III and IV of the para-sodium channel were shown to be involved in the nerve insensitivity pyrethroid resistance in H. virescens and the cotton bollworm, Helicoverpa armigera (Head et al., 1998) . Furthermore, it was shown that a Val to Met substitution at the domain IS6 of the para-sodium channel is also associated with the pyrethroid resistance in H. virescens .
The diamondback moth (DBM), Plutella xylostella, is a major pest of cruciferous crops world wide (Talekar and Shelton, 1993) . Resistance to various kinds of insecticides, including organophosphates, carbamates, and pyrethroids, has been reported in DBM. It was shown that the pyrethroid resistance of DBM was conferred by decreased sensitivity at the site of action in the nerve system (Hama et al., 1987) . Schuler et al. (1998) identified two amino acid substitutions in the domain II of the para-sodium channel between the pyrethroid-resistant (FEN) and -susceptible (Rothamstead) strains in DBM. The first mutation from Leu to Phe at the IIS6 was the same substitution in the para-sodium channel sequence reported in kdr strains of the housefly and German cockroach. However, the second mutation (Thr to Ile) at the beginning of the IIS5 was not consistent with the one reported in super-kdr housefly, thus the significance is still unclear.
To examine the significance of the amino acid substitutions in the para-sodium channel for the pyrethroid resistance in DBM, we analyzed the nucleotide sequences encoding the para-sodium channel from pyrethroid-resistant (R) and non-selected (NS) strains originated from the same DBM culture.
MATERIALS AND METHODS
Insects and determination of insecticide susceptibility. A strain of DBM was obtained from Sumitomo Chemical Co., Ltd., in 1998 and 2001. The DBM strain was collected at Katano City, Osaka Prefecture, to initiate a laboratory culture in 1970. The larvae were reared on an artificial diet, Insecta-konaga (Nittiku Yakuhin, Ayase, Japan). The stock culture was maintained at 25°C under a long photoperiod (16L:8D). Two DBM strains showing different fenvalerate sensitivities were used in this study. The R strain was established by selection of the stock culture with the LD 50 equivalent doses of fenvalerate for 12 generations as described in Sota et al. (1998) . The NS strain has been maintained in the stock culture without any insecticide selection. Thus, the R and NS strains used in this study originated from the same DBM culture. To establish the R strain, various concentrations of technical-grade fenvalerate (95.3% purity) were prepared with acetone. Ten 4th-stadium larvae obtained from the stock culture were anesthetized by carbon dioxide and treated with a 0.5 ml droplet of insecticide. This treatment was replicated three or four times for each concentration of insecticide. Larvae in the control plot were treated with acetone. After 24 h, the numbers of dead or moribund larvae and surviving larvae were recorded. The data were analyzed by probit analysis (Abbott, 1925) . The LD 50 values were monitored every third generation using the stock culture obtained in 1998 ( Table 1 ). The selected R strain has been maintained for generations with the LD 50 equivalent dose of fenvalerate at the 12th generation. The LD 50 value of the R strain after the selection for 12 generations was 108.0 mg/larva (Table  1) . Since the LD 50 value of insects before selection was 0.024 mg/larva (Table 1) , the resistant level of the R strain used in this study was estimated to be about 4,500-fold higher than that of the NS strain.
Reverse transcription polymerase chain reaction (RT-PCR). Total RNA was extracted from adult insect material (5-10 inds.) as described in Chang et al. (1993) . Poly A ϩ mRNA was purified from the total RNA using an Oligotex-dT30 mRNA purification kit (Takara, Ohtsu, Japan). First strand cDNA was synthesized from 0.5 mg of poly A ϩ mRNA or 1 mg of total RNA at 42°C for 90 min with oligo dT-adaptor primer or random 9 mer (Takara) using ReverTra Ace (Toyobo, Osaka, Japan). The DNA fragment corresponding to the domain IIS4-IIS6 of the para-sodium channel gene was amplified by PCR from the double-strand cDNA, using the 5Ј-and 3Ј-end primers, 5Ј-TCAT-GGCCGACACTTAATTTACTC-3Ј and 5Ј-GGCC-AAGAACAAGTTGAGGACCAC-3Ј, respectively.
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Y. TSUKAHARA et al. The 5Ј primer was designed based on the published nucleotide sequences of the domain II in the parasodium channel gene from DBM (Schuler et al., 1998) . Most of the 3Ј primer was designed based on the published nucleotide sequences from DBM (Schuler et al., 1998) and the rest was designed based on those from H. virescens (Park et al., 1999) and the German cockroach (Miyazaki et al., 1996) . PCR conditions were 1 cycle of 5 min at 94°C, followed by 40 cycles of 30 s at 94°C, 1 min at 50°C, and 1 min at 72°C, finishing with a final extension at 72°C for 7 min. RT-PCR amplifications corresponding to the domain IS6 and the linker of the domain III-IV were carried out using degenerate primer sets, 5Ј-AACCCTAAYTAYGG-HTACAC-3Ј and 5Ј-TGCAACTCRTCRTAVGAC-AT-3Ј for the IS6 and 5Ј-GGNWGNTTYTTYAC-NYTNAA-3Ј and 5Ј-AAYTTYTTRTCNGTDAC-DAT-3Ј for the III-IV linker. The degenerate primers used in this study were designed based on the nucleotide sequences of the IS6 and the III-IV linker from H. virescens (Park et al., 1999) , the German cockroach (Miyazaki et al., 1996) , the housefly (Knipple et al., 1994) , and Drosophila melanogaster (Loughney et al., 1989) . PCR conditions were 1 cycle of 5 min at 94°C, followed by 40 cycles of 30 s at 94°C, 1 min at 45°C, and 1 min at 72°C, finishing with a final extension at 72°C for 7 min. The PCR products were size-fractionated on 1.0% or 1.5% agarose gel and DNA bands with expected sizes were recovered from the gel and cloned using pGEM-T Easy system (Promega, Madison, WI). The obtained clones were sequenced using a dye terminator cycle sequencing kit (Applied Biosystems, Foster City, CA) with M13 forward and M13 reverse primers and an Applied Biosystems DNA sequencer (model 377).
RESULTS AND DISCUSSION
The DNA fragments corresponding to the domain IIS4-IIS6 region (ca. 340 bp) were amplified by RT-PCR reactions from the R and NS strains (data not shown). The amplified DNA fragments from both strains were cloned and sequenced. At first, 5 and 14 clones from the R and NS strains were sequenced, respectively. The predicted amino acid sequences of the DNA fragments from both strains are shown in Fig. 1 . The R strain had Phe residue at amino acid position 1014, as previously reported in FEN strain (Schuler et al., 1998) (Fig.  1, Table 2 ). However, unexpectedly, the NS strain had not only the susceptible Leu residue as previously reported in the Rothamstead strain (Schuler et al., 1998) but also the resistant Phe residue at exactly the same position (Fig. 1, Table 2 ). At amino acid position 929, the R strain had Ile residue as previously reported in the FEN strain (Schuler et al., 1998) (Fig. 1, Table 2 ). However, the resistant Ile residue was also found in the NS strain with a high frequency (Fig. 1, Table 2 ). The NS strain used in this analysis has been maintained in our laboratory since 1998. To avoid the possibility of genetic drift of a particular genotype in the course of propagations and contamination with the R strain, the stock culture of the NS strain was obtained again in 2001 and used for the analysis. Seventeen and 13 clones from the R and NS strains were sequenced, respectively. Similar results with the first examination were observed (Table 2) .
To further analyze the association of both amino Fig. 1 . Amino acid sequences of the domain IIS4-IIS6 region deduced from the 340 bp PCR fragments of the pyrethroid-resistant (R) and non-selected (NS) strains. Identical amino acids are represented by an asterisk. The amino acid differences between R and NS strains are boxed. Positions of amino acid substitutions in kdr/super-kdr houseflies are represented by triangles. All numbering follows the para-sodium channel from D. melanogaster (Loughney et al., 1989). acid substitutions in the domain IIS4-IIS6 with the pyrethroid resistance in DBM, cDNA were individually prepared from twelve adults from the R and NS strains and were used for PCR amplification. Amplified DNA fragments corresponding to the domain IIS4-IIS6 were cloned and at least two clones from each cDNA preparation were sequenced. In the NS strain, five out of 12 adults were suggested to be homozygous for both amino acid substitutions (Table 3) . No homozygous adult showing the susceptible amino acids was observed in the NS strain (Table 3 ). In the R strain, a total of 36 clones (three clones from each adult) were sequenced and no clone showing the susceptible amino acids was observed (data not shown). This suggests that all adults in the R strain were homozygous for both amino acid substitutions. It has been speculated that the L1014F is the primary mutation conferring a basal level of resistance to pyrethroids in DBM, as has been reported for several insects including the housefly, German cockroach, and horn fly (Schuler et al., 1998) . Moreover, the T929I, located 11 amino acids downstream of the M918T in super-kdr housefly (Williamson et al., 1996) , has been supposed to play an important role in enhancing resistance in DBM (Schuler et al., 1998) . We have no data to explain the presence of the resistant amino acid 26 Y. TSUKAHARA et al. a Amino acid positions follow the para-sodium channel from D. melanogaster (Loughney et al., 1989) . b See text.
c The values represent the number of clones showing respective amino acid residues over the total number sequenced. a Amino acid positions follow the para-sodium channel from D. melanogaster (Loughney et al., 1989) .
residues in the NS strain. The LD 50 value of insects before selection was estimated to be 0.024 mg/larva (Table 1) and is 8-fold higher than that of the pyrethroid-susceptible Rothamsted strain (0.003 mg/larva) (Schuler et al., 1998) . The NS strain used in this study might contain individuals which shared the resistant amino acid residues in the IIS4-IIS6 region. Even if this proves to be the case, since the frequency of adults homozygous for both amino acid substitutions was increased after the insecticide selection, it is apparent that the L1014F and the T929I contribute to the pyrethroid-resistance in our R strain. It has been suggested that multiple sodium channel mutations might confer pyrethroid resistance in insects. Head et al. (1998) showed that amino acid substitutions at the intracellular linker region of the domains III-IV (D1561V and E1565G) were conserved in different lepidopteran insects, H. virescens and H. armigera, expressing high levels of nerve insensitivity pyrethroid resistance. The III-IV linker region was shown to play a key role in the inactivation of the sodium channel (Moorman et al., 1990) . The significance of amino acid substitution at the domain IS6 region for the pyrethroid resistance was also reported in H. virescens . Domain IS6, as well as the other S6s, was proposed to comprise part of the channel pore (Catterall, 1993) . In the mammalian sodium channel, the cytoplasmic side of the S6s was shown to function as part of a receptor site for the inactivation of the channel gate (McPhee et al., 1994) . To further examine the pyrethroid resistance in our DBM, the domain IS6 and the linker region of the domains III-IV were analyzed.
The DNA fragments corresponding to the linker region of domains III-IV (ca. 220 bp) were amplified by RT-PCR reactions from the R and NS strains (data not shown). The amplified DNA fragments from both strains were cloned and sequenced. In total, five and three clones from the R and NS strains were sequenced, respectively. At the nucleotide level, there were some polymorphisms that do not change the amino acid sequence among the clones sequenced. The universal nucleotide and the predicted amino acid sequences of the DNA fragments from both strains are shown in Fig. 2A (DDBJ: AB074148). Both strains had susceptible Asp and Glu residues at amino acid positions 1561 and 1565, respectively, as was reported in the pyrethroid-susceptible strains of H. virescens and H. armigera (Head et al., 1998) (Fig. 2A) , suggesting that the linker region of the III-IV is not involved in the pyrethroid resistance in our DBM. The linker region of the III-IV in our DBM showed amino acid identities of 100%, 100%, 98%, and 97% with those in H. virescens, German cockroach, housefly, and D. melanogaster, respectively (data not shown).
The DNA fragments corresponding to the domain IS6 region were amplified from the R and NS strains by RT-PCR and the resultant DNA fragments with lengths of ca. 220 bp (data not shown) were cloned and sequenced. In total, seven and three clones from the R and NS strains were sequenced, respectively. At the nucleotide level, there were some polymorphisms that do not change the amino acid sequence among the clones sequenced, as was the case in the III-IV linker. The universal nucleotide and the predicted amino acid sequences of the DNA fragments from both strains are shown in (Loughney et al., 1989) .
be associated with pyrethroid resistance in H. virescens was not observed in the R strain (Fig. 2B) , suggesting that the IS6 region is not involved in pyrethroid resistance in our DBM. The IS6 in our DBM showed amino acid identities of 100%, 95%, 85%, and 88% with those in H. virescens, the German cockroach, the housefly, and D. melanogaster, respectively (data not shown).
In the present study, we confirmed that two amino acid substitutions at the domain IIS4-IIS6 (T929I and L1014F) were associated with pyrethroid resistance in DBM. However, other than the amino acid substitutions in the domain IIS4-IIS6, the importance of the domain IIIS6 region was suggested for pyrethroid resistance in cattle tick, Boophilus microplus (He et al., 1999) . Furthermore, it was recently shown that several mutations were capable of increasing the effects of kdrtype mutations (Liu et al., 2002) . There is a possibility that some as yet undiscovered mutations in the sodium channel might be involved in the pyrethroid resistance in our R strain. In addition, we do not rule out the possible involvement of metabolic detoxification in the pyrethroid resistance. Cloning of the full-length sodium channel cDNA sequence and metabolic detoxification enzymes, such as cytochrome P450s, is currently in progress.
